The nucleotide sequence for a glutamine synthetase (GS) mRNA from geneamplified Chinese hamster (CHO)cells was determined from recombinant cDNA clones obtained from both pBR322 and XgtlO libraries and by primer extension. The sequence obtained contains about 1400 bp corresponding to a minor species of mRNA terminated by a poly A sequence. The mRNA contains 146 nucleotides of 5'-noncoding region, 1119 bp of coding sequence, and 108 bp of 3 1 -noncoding sequence with a 32 bp poly(A) tail. The polyadenylation site used shows little homology with efficient polyadenylation sites, but has considerable complementarity with U4 RNA. The predicted amino acid sequence, starting from an initiation codon with the preferred sequence surrounding it, indicates that Chinese hamster GS has high homology with published bovine brain GS peptides and enabled an ordering of these peptides. There is homology between the mammalian GS enzymes and glutamine synthetases obtained from plants and cyanobacteria but no obvious homology between the CHO cell GS sequence and that of other ATP hydrolysing enzymes.
INTRODUCTION
Glutamine synthetase (L-glutamate:ammonia ligase [ADP-forming], EC 6.3.1.2) (GS) is a universal housekeeping enzyme responsible for the synthesis of glutamine from glutamate and ammonia using the hydrolysis of ATP to ADP and phosphate to drive the reaction (1) . As such, it represents an important link between the TCA cycle and araino acid metabolism (2) . In higher vertebrates GS is found at low levels (O.l%-0.0156 of soluble protein) in most cells tested, although higher levels (>1X of total protein) are found in certain hepatocytes, adipocytes and glial cells (3) (4) (5) (6) . A variety of regulatory signals will regulate GS activities within cells, among them being glucocorticoid steroids and CAMP whilst external glutamine appears to regulate GS levels post-translationally (7, 8) via ADP-ribosylation (9) .
Glutamine synthetases from all sources yet described are subject to inhibitior by methionine sulphoximine (Msx), which reflects the ability of that compound to act as a transition state analogue of the catalytic process (10) . Using selection for Msx resistance, variant CHO cell lines and mouse 3T6 cells with extensively amplified GS genes have been obtained (11, 12) . In these cells a major glutamine synthetase specific mRNA species of about 2.8 kb can be detected, along with several minor mRNAs, the most abundant of which consists of about 1.4 kb (13) . The majority of the coding sequence of the Chinese hamster GS gene has been cloned as an 8.2 kb Bglll fragment from the amplified GS genes in the CHO cells (13) . Further GS gene fragments have been cloned from a lambda library of GS-amplified cell DNA and partially characterised (R.H.W., P.G. Sanders and L.W. Coggins in preparation).
In this paper, the nucleotlde sequence of a GS mRNA species from gene amplified cellB is presented, together with the predicted GS amino acid sequence, from an analysis of cDNA clones made in both pBR322 and XgtlO, selected using fragments of the GS gene as probes.
MATERIALS AND METHODS

Growth of cells and isolation of mRNA
Growth of cells and isolation of raRNA was done as previously (13) .
Isolation of Genomlc GS Subclones
PGS113 is a 3.5kb Hindlll fragment containing the 3' end of the GS gene subcloned from pGSl into pUC9 (13) . pGS2335 is a BaraHI-EcoRI subclone of a XL47 recombinant (14) selected from a clone bank prepared by cloning a Sau3A partial digest of GS-amplified CHO cell DNA into the BamHI site of XL47 and selecting for hybridisation to pGSl (R.H. W. P.G. Sanders and B.E. Hayward, in preparation).
cDNA Cloning and Sequencing cDNA libraries were made in pBR322 and XgtlO using standard procedures.
Messenger RNA was converted to cDNA using oligodT primed reverse transcriptase, and ds DNA made by the RNase H procedure (15 About 5000 colonies and 2OO0O plaques were screened on nitrocellulose filters using nick-translated probes derived from pUC subclones of GS genomic sequences. A lkb EcoRI-Bglll fragment from pGS2335 was used as a 5 1 probe, and the entire 3.5kb Hindlll fragment of pGS113 was used as a 3 1 probe.
Plasmids from positive colonies were analysed by restriction digestion of small-scale preparations of DNA and the longest clone (pGSC45) selected for further analysis.
Positive X clones were plaque purified, grown up in 500 ml of E. coli C600 liquid culture, and the phage purified on CsCl step gradients. X DNA was prepared by forraamide extraction (18) . Clones with the longest inserts were identified by EcoRI digestion and insertssubcloned into pAT153 and M13rap phage for further analysis and sequencing (19) .
RESULTS AND DISCUSSION
cDNA Cloning
The cDNA cloning strategy was straightforward considering that the mRNA was obtained from a relatively abundant source (Hsx amplified CHO cells) and that plasmid sub-clones of X phage GS gene recombinants were available as probes.
Two cDNA libraries were made; C-tailed cDNA was annealed to G tailed pBR322
and transformed into E. coll DH1, and EcoRI linkered and methylated cDNA was annealed to EcoRI cut XgtlO DNA, and after in vitro packaging recombinant phage were plated on Hfl E. coll.
The colonies or plaques were screened first with a probe derived from the 5' 
Analysis of the Nucleotide Sequence
The nucleotide sequence of the mRNA coding for glutamine synthetase ( Despite being nearly lkb shorter than the insert in pGSC45, the 3' end of Xgs 5.21 also contained a polyA sequence,suggesting that this clone was derived from the minor mRNA of c 1.4kb found in amplified CHO cells (13 Fig. 3 Homologies between the weak polyadenylation site of the short Chinese hamster mRNA and human U4 RNA. Polyadenylation occurs either before or after the A residue marked with an asterisk. structure similar to those proposed for polyadenylation by Berget (24) . This is shown in Fig. 3 .
Sequences at the 5' end of Xgs 1.1, which is some 200 bases longer at the 5' end than pGSC45, showed considerable inverted homology to sequences at the 3' end of this clone (which was about 150 bases shorter at the 3' end than Xgs 5.21, see Fig. 1 ). These additional sequences are probably cloning artefacts, arising during second strand synthesis (27) due to nucleotides 6-1 priming DNA synthesis via their complementarity to nucleotides 1132-1137 despite the fact that the RNase H procedure (15) 
Predicted Amlno Acid Sequence
The predicted araino acid sequence for CHO glutamine synthetase is shown in Fig. 2 . The NH terminus was identified by homology with the NH_ terminal peptide found in bovine brain glutamine synthetase (28) . The initiating AUG follows a precise CCACC upstream consensus sequence found for true initiation codons (29) and is followed by a purlne (i.e. CCACCATGG). Another AUG codon at position 14 is not in a favourable context by the same criteria and is followed by a termination codon in frame 21 nucleotides downstream.
The predicted aralno acid composition of the GS protein gives a molecular weight of 41,964 (not allowing for N-tenninal acetylation (28) or other post-translational modifications), in agreement with other estimates (13, 30) . The basic nature of the protein is reflected in the excess of arginine L23], hlstidine [l3] and lysine [20] residues over those of aspartate [18] and glutamate [27] .
The codon usage of the Chinese hamster GS mRNA conforms well to a mammalian consensus (31) . Exceptions are that the CCY proline codons are favoured The CHO GS sequence shows some homology with the GS sequence from the cyancbacterium Anabaena (33) notably at residues 317-325 (N-R-S-A-S-I-R-P) which are an exact match to Anabaena residues 342-350. In addition, related sequences can be found in glutamine synthetases isolated from plants (34, 35) . A more detailed analysis of GS sequence comparisons will be published elsewhere.
The reaction catalysed by GS is complex (1) . ATP hydrolysis leads to enzyme-bound gamma-glutarayl-phosphate, which is subject to attack by ammonia to yield glutamine, phosphate and ADP. Consequently, we could expect a tertiary domain structure of GS that might reflect the three different substrate binding sites. However, no obvious homologies were found to the G.X.G.X.X.G. nucleotide-binding domain of many enzymes (36) or to other sequence motifs of ATP-blnding enzymes (37) . Owing to this, and because of the lack of consensus sequences for arginine-ADP-ribosylation, we are unable to speculate as to the regulatory arginine residue involved in ADP-ribosylatlon (9) . Carbaraoyl-phosphate synthetase (CPS) has a similar reaction mechanism to GS (1, 38) , but comparisons of our GS sequence with that of E. coll CPS (39) show no simple horaologies.
Access to complete cDNA clones and genomic clones for Chinese hamster GS has not only allowed the amino acid sequence of glutamine synthetase to be predicted, but will allow a detailed analysis of the position of the introns within the gene and their relationship to the exons coding for the structural domains of the protein.
